Adsorption of 2-chlorophenol onto octyl-modified ordered mesoporous silica material from an aqueous solution was investigated systematically using batch experiments in this study. Hexagonal mesoporous silica (HMS) owning double pore paths and OD-HMS were synthesized by using cheap sodium silicate and a non-ion surfactant C 16 PyCl under room temperature here and characterized by X-ray diffraction (XRD), N 2 adsorption-desorption measurement, and Fourier Transform-Infrared (FT-IR). Results indicate that 2-chlorophenol adsorption is initially rapid and the adsorption process reaches a steady state after 5 min. The adsorption isotherms are well described by the Langmuir and the Freundlich models, the former being found to provide a better fit with the experimental data. The effects of temperature, pH, ionic strength, and humic acid on the adsorption are also examined.
INTRODUCTION
Chlorophenols are a widespread class of water pollutants that are known to cause serious human health problems; hence these chemicals are found in the list of priority pollutants of the Environmental Protection Agency (EPA) () and the European Union (EU) (). They are widely used in industry as intermediates in the production of dyes, plastics and pharmaceuticals. Chlorophenols are commonly found in the wastewater of the pulp and paper industry, which pollutes groundwater resources (Patton et al. ) .
In addition, the chlorination process of tap water leads to the generation of chlorophenols from phenols, which are responsible for the unfavorable smell. Nevertheless, there are scarce reports on the use of octylmodified HMS for 2-chlorophenol removal from water and more effort is required in this area in order for such an adsorbent to be practically applied.
Therefore, the purpose of the present research was to investigate the adsorption characteristics of 2-chlorophenol from aqueous solutions onto octyl-modified HMS material.
As a first step in the adsorption of 2-chlorophenol, it is necessary to quantify the equilibrium time during adsorption. In turn, adsorption isotherms are conducted in batch experiments under different temperatures and then thermodynamic parameters are calculated. Influencing parameters such as pH, ionic strength, and humic acid are evaluated to characterize the extent of 2-chlorophenol adsorption.
Finally, desorption of 2-chlorophenol from octyl-modified HMS has been studied to determine its reversibility of adsorption. 
METHODS

Preparation of HMS mesoporous silica
The HMS was synthesized in an acidic medium using conventional literature recipes (Patiparn & Takizawa ) . 
Adsorption experiments
The effect of contact time on 2-chlorophenol adsorption onto OD-HMS was studied based on 2-chlorophenol concentrations of 0.6 and 8 mg/L. The adsorption experiments were carried out by mixing 4.0 g OD-HMS samples with a 1,000 mL aqueous solution in a 2,000-mL stirred flask at a temperature of 298 K. Samples were taken out and centrifuged at 3,000 rpm at different times. Then the residual concentration of 2-chlorophenol was determined.
The adsorption isotherm experiments of 2-chlorophenol onto OD-HMS were performed on the basis of a batch experiment. A given amount of adsorbent (0.2 g) was placed in a 100-mL conical flask, into which 50 mL of a 2-chlorophenol solution with varying concentrations was added. The experiments were performed in a temperaturecontrolled water bath shaker for 1 h at a speed of 170 rpm.
After the adsorption reached equilibrium, the solutions were centrifuged and analyzed for the remaining concentration of 2-chlorophenol. Then flowing experiments were undertaken under common conditions. The amount of 2-chlorophenol adsorbed onto OD-HMS was calculated from the mass balance equation as
where q e (mg/g) is the amount of 2-chlorophenol adsorbed per gram of OD-HMS at equilibrium; C 0 (mg/L) and C e (mg/L) are the initial and equilibrium liquid-phase concentration of 2-chlorophenol, respectively; V (L) is the volume of 2-chlorophenol solution, and M (g) is the mass of OD-HMS used. To check reproducibility, 2-chlorophenol adsorption was carried out in duplicate. The relative deviations met with the requirement of less than 5%.
Desorption experiment
Desorption isotherms were obtained from the adsorption samples in equilibrium. A solution containing OD-HMS was transferred into centrifuge tubes that were centrifuged at 3,000 rpm for 10 min with the centrifuge temperature being set at the incubation temperature. Then, 25 mL of the supernatant was removed and compensated for sampling by adding 25 mL of pure water. The tubes were placed on a reciprocating shaker for 1 h at 298 K. Preliminary kinetic studies showed that desorption could reach equilibrium state within 5 min. After shaking, the suspensions were centrifuged and 25 mL of the supernatant was collected for analysis.
Analytical method
The concentration of 2-chlorophenol was determined by gas chromatograph with flame ionization detector (FID), using a HP-5 capillary column (30 m × 320 μm × 0.25 μm).
The injection volume was 2.0 μL, the temperature of inlet and FID was 280 W C, carry gas was pure N 2 , flow rate was 4.0 mL/min. Under these conditions, the retention time for 2-chlorophenol was 3.2 min.
RESULTS AND DISCUSSION
Characterization of OD-HMS
The powder low-angle XRD pattern of HMS and OD-HMS depicted in Figure 1 long-chain molecules entered part of the small pore after octyl-modification, taking up part of the available space.
As a result, a part of the larger pore was only determined in the course of the mensuration adsorption-desorption of nitrogen, causing OD-HMS to have a single pore path. As reported elsewhere (Shylesh & Singh ) , absorption vibration at 960 cm À1 is generated by the large amount of Si-OH on the surface of a pure silica mesoporous molecular sieve.
In the spectrum of OD-HMS, asymmetric and symmetric CH 2 stretching vibrations are generated at 2,920 and 2,854 cm À1 by reaction between the silicane reagent and -Si-OH on the surface of HMS. Further more, absorption peak intension lowers at 3,463, 1,631 and 960 cm
À1
, indicating that -OH on the surface of HMS are replaced by octyl.
Effect of chemical modification
In order to evaluate the efficiency of the prepared adsorbents, the equilibrium adsorption of the chlorophenols was studied as a function of equilibrium concentration. The adsorption isotherms of 2-CP on OD-HMS and HMS are shown in Figure 5 . It is seen that the order of adsorption 
Effect of contact time on 2-chlorophenol adsorption
As shown in Figure 6 , apparent adsorption equilibrium is generally obtained within 5 min for the initial 2-chlorophenol concentration of 0.2 mg/L. Thereafter, no detectable concentration changes occurred (<60 min) after adsorption equilibrium (5 min). It is assumed here that the adsorption takes place primarily at easily accessible surface sites, requiring no diffusion into micropores. 
Adsorption isotherms
where R (J/mol K) is the universal gas law constant; T 
Effect of pH on 2-chlorophenol adsorption
The pH of solution is one of the most important parameters affecting the adsorption process. In order to determine the effect of pH on adsorption capacity of OD-HMS, solutions were prepared at different pH ranging from 2.0 to 11.0.
The dependence of pH on the adsorption of 2-chlorophenol onto OD-HMS is illustrated in Figure 8 . Obviously, the The ion-dipole interactions between the charged surface and the weak electrolyte 2-chlorophenol are also expected to be negligible in this experiment. OD-HMS is hydrophobic. Therefore, the adsorption mechanisms could be contributed to by hydrophobic interaction. The possible explanation for the sharp decrease in 2-chlorophenol adsorption with the increase of pH could be that OD-HMS material is relatively stable with high acid resistance, whereas it degrades readily in basic solution that will destroy the structure of OD-HMS.
Effect of ionic strength on 2-chlorophenol adsorption
Since NaCl is often used as a stimulator in adsorption processes, the effect of ionic strength (adjusted by NaCl) on 2-chlorophenol adsorption has been determined and the results are presented in Figure 9 . It indicates that the amount of adsorbed 2-chlorophenol onto OD-HMS increases with the increase of NaCl concentration of the solution. As 2-chlorophenol is a nonpolar hydrophobic chemical, increasing ionic strength will lead to a decrease of the solubility of 2-chlorophenol in water. Therefore, for 2-chlorophenol, increasing ionic strength should usually be accompanied by an increase in partition into OD-HMS.
Effect of humic acid on 2-chlorophenol adsorption isotherms showed that adsorption and desorption of 2-chlorophenol were reversible. Combined with pH effects, it was concluded that hydrophobic interaction was the main force to adsorb 2-chlorophenol from aqueous solution.
